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Abstract 
The heating and cooling loads of buildings are most of the time due to heat transfer through building envelope. From the point of 
view of energy saving, the most effective way to reduce these loads is to carry out thermal insulation with building envelope, 
between others, by using phase change materials (PCM). The effectiveness of walls protection systems depends on several 
parameters such as orientation, size and their thermal operation, with respect to the climate. In this work, we studied the t hermal 
behavior of a wall containing PCM (CaCl2.6H2O) to carry out the thermal and economic energy comfort in the buildings at 
summer. The objective of this work is determination of optimal insulation concentration for various wall orientations under the 
climatic conditions of Ouargla city (at south of Algeria).  The results indicate that it is possible to obtain an optimal concentration 
of 15% of CaCl2.6H2O for all wall orientations. Moreover, West and South orientations provide heat transfer loads at equal 
cooling which are most strongly compared with East and North orientations. The weakest cooling load is given by the wall 
exposed to the North and the payback period is for all wall orientations South/ West, East and North are respectively: 10.51, 9.14 
and 8.51 years.  
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Euro-Mediterranean Institute for Sustainable Development (EUMISD). 
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1. Introduction  
The rarefaction of the world energy fossil resources, although the oil completion date is not a consensus object, is a 
phenomenon which necessarily will support the rise in energy cost. These two factors lead to reconsider the use and the 
production of energy. In 2010, building sector (residential and tertiary) consumes approximately 40% of total world energy [1]. 
In Algeria, this proportion is 39 % and building is the first consumer of energy [2]. Most of this consumption is due to heating 
and air-conditioning systems which ensure an interior temperature compatible with comfort condition. The best way of 
© 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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decreasing the building energy needs remains the reduction of the losses and consequently the improvement of walls thermal 
insulation. The use of phase change materials (PCM) in the walls can cure this problem, thanks to the strong latent heat which 
they exchange during the heat transfers. The cooling of the buildings thanks to the thermal storage of energy by PCM out of 
buildings is a natural process usually used since antiquity. In 1940s, Telkes studied the use of sodium sulfate decahydrate 
(Na2SO4.10H2O) to store solar energy and using this energy to heat buildings at night and cloudy days. In the beginning, its work 
doesn’t cause much interest until the energy crisis (end of 1970s and beginning of 1980s) [1]. The use of PCM in buildings is the 
subject of very thorough studies in order to limit energy consumption. The first building boards containing materials of phase 
change are carried out in Mexico by Wright and Balcomb. In 1970s, they built “passive” houses with systems called direct profits 
(construction materials with integrating paraffins in the concretes) [3]. In the same year, in France, one carries out the fi rst panel 
plaster-paraffin to improve inertia of the thin walls. However, the inflammability and the seepage of this paraffin on these two 
materials slow down the development of the integration of the PCM in building sector. The installation of the technique of 
“microencapsulation” which eliminates these two problems restarts the renewal of these materials in buildings from 2000 [4]. 
Many researchers studied the thermal performance of wall with PCM (floor, ceiling and vertical wall) by experiments and 
simulations for building constructors in order to limit buildings energy consumption and carried out thermal comfort. For 
example, Athienitis et al. [4] carried out experimental and numerical simulation study in a full scale outdoor test room with PCM 
gypsum board as inside wall lining. The PCM gypsum board used contained about 25% by weight proportion of Butyl Stearate. It 
was shown that utilization of the PCM gypsum board may reduce the maximum room temperature by about 4 °C during the day 
time and can reduce the heating load at night significantly. Shilei et al [5] executed a comparative study between ordinary room 
phase change wall rooms. The PCM manufactured by impregnation of  capric acid and lauric acid (fatty acid based) mixture in 
the proportion of 82:18% having freezing and melting temperatures of 19.138 and 20.394 °C. They observed that the room which 
integrates the PCM gives a good performance in terms of maintenance of heat and thermal comfort during the winter. The effects 
of loss of heat of the part were at least reduced in winter. Moreover, the electric rate of consumption of power for the heating was 
appreciably reduced. Necib et al [6] studied the thermal behavior of a brick filled with PCM to increase the thermal inertia of 
buildings walls. This study relates to a clay brick with dimensions of 20 cm, its external cells filled by paraffin and the 
thermocouples were judiciously fixed. This breadboard construction is limited thus to the analysis of the phenomena of heat 
transfer inside brick. The data analysis experimental showed that the integration of the PCM is advantageous to create a thermal 
comfort. The results of simulation show an operation similar to that revealed by measurements of the variation in the temperature 
in the tests on the breadboard construction. The objective of this work is to study the thermal behavior of a plaster wall 
containing a material with phase change micro-encapsulated PCMs (CaCl2.6H2O) and the determination of the insulation optimal 
concentration for various wall orientations under the climatic conditions of Ouargla city. 
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Nomenclature 
ୱ annual energy savings 
ୣ୪ cost of electricity ($/kW h) 
ୣ୬୰ cost of energy consumption ($/m
2) 
୧ cost of insulation material in ($/m
2) 
୔େ୑ cost of PCM ($/m
3) 
୲ total cost ($/m
2) 
 coefficient of performance of air-conditioning system 
 inflation rate 
ୣ heat transfer coefficient at the outdoor surface of wall 
(W/m2 K) 
୧ heat transfer coefficient at the indoor surface of wall 
(W/m2 K) 
 incident total solar radiation for vertical surfaces (W/m2) 
ୟ total solar radiations on the horizontal surface (W/m
2) 
ୢ direct solar radiations on the horizontal surface (W/m
2) 
୷ diffuse solar radiations on the horizontal surface (W/m
2) 
 interest rate 
 thermal conductivity (W/m K) 
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2. Mathematical formulation 
In this study, in order to determine of optimal insulation concentration for various wall orientations under the 
climatic conditions of Ouargla city (at south of Algeria), composite wall structure shown in Fig. 1 is considered. The 
outside surface of the wall is exposed to periodic solar radiation and outdoor environmental temperature, and the 
inside surface is in contact with room air at constant temperature. The mathematical model is formulated using the 
following assumptions [7], [8]. 
1. Microcapsules are homogeneous and uniformly distributed inside the wallboard. 
2. The total volume of the wallboard is constant. 
3. No heat generation. 
4. Thermal conductivities and densities of the building materials are independent of temperature but different for 
solid and liquid phases. Thus, the PCM density and conductivity are function of its melted fraction.  
5. The thickness of the composite wall is small according to its width and height. Therefore, one-dimensional 
temperature variation is assumed. 
6. Negligible interface resistance. 
7. The variation of the thermo-physical properties with the temperature of the insulating material is negligible due 
to the smaller range of temperature in which it is working. 
The mathematical model is based on the transient one-dimensional heat conduction equation in a multi-layer wall 
may be written as: 
                                                                            (1) 
where  and  are the space and time coordinates, respectively. ୨ is the temperature,ɏ୨ , ୨ and ୨ are the density, 
the specific heat and the thermal conductivity of the  layer, respectively. 
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To solve Eq. (1), it is necessary to specify an initial condition and two boundary conditions. The initial condition 
and the boundary conditions at the outdoor and indoor surfaces of wall are given as [9]: 
                                                                                                                                   (2) 
                                                                                                                  (3) 
 
                                                         (4) 
 
with ܨ௜ is an arbitrary uniform temperature across the wall as the initial condition. ݄௘  and ݄௜ are the combined heat 
transfer coefficients at the outdoor wall surface and the indoor wall surface, respectively. These coefficients are the 
sum of the convective and radiative components. In this study, ݄௜ and ݄௘  are taken to be 10 and 20 W/m
2°C. ௘ܶሺݐሻ is 
the outdoor air temperature indicating change with time and is obtained by averaging hourly measurements recorded 
in meteorological data over the years 2000–2010 in Ouargla, Algeria [10]. ௜ܶ is the indoor air temperature. The 
monthly indoor air temperatures selected from the point of view of the thermal comfort and energy savings. ߙ is 
solar absorbtivity of the outdoor wall surface and is selected to be equal to 0.4 [11]. The solar radiation (ܫ) for 
vertical walls at different orientations is calculated as [12]: 
 
                                                                                                            (5) 
 
where ܫௗ , ܫ௬ and ܫ௔  are instantaneous direct, diffuse and total solar radiations on the horizontal surface. Ground 
reflectance ߩ௬ is 0.35 [13]. Parameter ܴௗ for vertical wall surfaces is defined as [14]: 
 
                                                                   (6) 
 
where Ɂ, ɗ, ɘ and  are declination angle, latitude angle, hour angle and surface azimuth angle, respectively. The 
hourly total solar radiation incident on the wall surfaces is calculated for Ouargla (latitude: 31N, longitude: 5.24'E) 
[13]. 
The differential equation has been previously solved by employing explicit finite-difference method. Numerical 
calculations are performed using a Matlab computer program. The numerical solution gives the temperature 
distribution in the composite wall including the temperature of the inner surface at any time instant. The 
instantaneous transmission heat load is calculated as following [15]: 
                                                                                                                           (7) 
Calculations are made for a representative day for each month of the year for a given percentages of PCM. The 
type day of each month of the year is considered as a representative day. The hourly variation of inside surface heat 
flux density is integrated over a 24 h period to obtain a daily total load. The procedure is repeated for each day of 
summer months (June–September). Then, the obtained daily total loads are added over the whole season in order to 
get the yearly cooling transmission load per square meter of the wall surface [15]. 
3. The structure of building walls 
The wall structure consists of 2 cm external plaster, 2 cm insulation material (mixture plasters/PCMs), 15 cm 
brick block and 2 cm internal plaster. CaCl2.6H2O as PCMs material is selected. The properties of materials are 
given in Table 1. 
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4. Economic analysis 
The use of the thermal isolation reduces the load of air-conditioning, thus the energy cost of cooling in summer. 
However, the prices of materials of insulation increase the initial costs of construction. Consequently, an economic 
analysis should be carried out in order to consider the concentration optimal of the MCP which to the minimum 
reduces the total costs including/understanding the insulation and the costs of consumption of energy during the 
period of the life of the building. The total costs per unit of area of wall are given by [11]: 
                                                                                                                    (8) 
where ୣ୬୰  is the cost of energy consumption ($/m
2), PWF is Present Worth Factor and  ୧  is the cost of 
insulation per unit of area ($/m2). The cost of insulation is given by: 
 
                                                                                                                                 (9) 
where  ୔େ୑ is the cost of PCM per unit of volume ($/m
3) and  is the thickness of the layer of plaster/PCM (m). 
The annual cost of energy per unit of area of the wall for cooling (ୣ୬୰) is given by [11], [15], [16]:  
                                                                                                                                   (10) 
 
 
where ୡ is yearly cooling transmission load (kWh/m
2),  is coefficient of performance of air-conditioning 
system and is ୣ୪ Cost of electricity the ($/kWh). The Present Worth Factor (	) is defined as follows [15], [17]: 
 
                                                                                         (11) 
 
 
    (12) 
 
where  is building life time (considered equal to 30 years),  is interest rate and  is inflation rate. The payback 
period , defined as the insulation cost divided by the annual energy savings, it is deduced from the following 
expression [11]:  
 
                                                                                                                                                               (13) 
 
Therefore, we have: 
 
 
                                                                                                                                                               (14) 
 
Annual energy savings ୱ are calculated as the difference between energy cost without insulation and energy cost 
with optimal concentration of the PCM, divided by the 	. The parameters used in calculations are given in table 
1. 
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                                  Table 1.The parameters used in calculations [6], [16], [18], [19], [20], [21].  
Parameter Value 
-Brick 
Conductivity  
Density 
specific heat 
0.62 W/m°C 
1800 kg/m3 
840 J/kg°C 
- PCM (CaCl2.6H2O) 
Conductivity 
Density of the liquid PCM  
Density of the solid PCM  
Specific heat  
Latent heat of fusion 
Melting point 
Cost, ୔େ୑ 
0.54 W/m°C 
1802 kg/m3 
1562 kg/m3 
2160 J/kg°C 
190.8 kJ/kg 
29°C 
1646.95 $/m3 
-Electricity 
Cost, Cel 0.11 $/kWh 
- Coefficient of performance, COP 2.5 
- Discount rate (%), r 0.05 
(1$=76.59DA en 26/02/2013) [22]. 
5. Results and discussion 
Fig. 2 shows curves global solar radiation on vertical wall, facing for various orientations (North, South, East 
and West) during cold and hot months of the year (January and July) for Ouargla city. 
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Fig. 2. global solar radiation on vertical wall, facing for four orientations during January and July for Ouargla city. 
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Indeed, the South vertical wall receives the maximum of radiation solar in January compared with the other 
orientations with a total radiation equal to 1148W/m². The North orientation is regarded as most unfavorable, with a 
total radiation of 151.7 W/m², because it receives the minimum of solar radiations in winter. The East orientation 
receives the same energy quantity as that for West (819.1W/m2). Indeed, the Northern vertical wall receives the 
minimum of solar radiations in July compared with the other orientations with a total radiation equal to 1027 W/m². 
The orientations East and West are considered most unfavorable, with a total radiation of 1374 W/m² because they 
receive the maximum of solar radiations in summer. As for the Southern orientation, it receives 1351 W/m² as 
quantity of solar radiations. All these data lead to conclude that the southern orientation receives the maximum 
radiation in winter, and the Northern orientation receives the minimum in summer compared to the other 
orientations. Fig. 3 shows the orientation effect on the interior temperature of vertical wall without and with PCM 
for various concentrations 
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Fig. 3. Orientation effect on inside surface temperature of vertical wall in July 17. 
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Starting from a concentration of 25%, the temperature of surface interior does not exceed the thermal comfort 
temperature in summer (28°C) for all the studied orientations.To show the wall orientation effect on the enclosure 
interior comfort, we chose to present for PCM concentration equal to 15% the temperature interior profiles for the 
four orientations suggested (North, South, East and West) (see fig. 4). 
 
 
 
 
 
 
 
 
 
 
 
           Fig 4. Orientation effect on the interior temperature of vertical wall: (a) without PCMs, (b) with PCMs (15%). 
For all the orientations, the wall proposed with a concentration of CaCl2.6H2O presents a significant reduction of 
temperature fluctuations on the interior surface compared with the wall without PCM. Also, we note that interior 
surface temperatures of the North directed wall have lower values than those of East walls, South and West for the 
selected standard day. The variations in maximum and minimal temperatures of the wall with and without PCM 
(concentration equal to 15%) for the orientations North, South, West and East are respectively equal to 
8.07,9.06,9.68 and 8.82. 
Fig. 5 shows PCM concentration effect the annual load of cooling heat transfer for a vertical wall for four 
orientations during six months of the summer period (from June to September). We note that the increase in the 
PCM concentration lead to the reduction in energy transmission load to the enclosure. This reduction is very fast for 
the small values of PCM concentration (from 0 to 10%). We deduce from this figure that the Western and Southern 
orientations provide loads of equal heat transfer and who strongest are compared with the orientations East and 
North. The lowest value of cooling load is given for the wall exposed to North for all the studied concentrations. 
From the concentration of the higher or equal PCM 25%, the annual loads of cooling heat transfer are identical and 
equal to zero for all the studied orientations. For a concentration equal to 20%, the annual load of heat transfer is 
cancelled for the Northern directed wall only. 
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Fig. 5. Variation of yearly cooling transmission loads versus insulation concentration for all wall orientations. 
Fig. 5 lead to conclude that the North orientation considered is most favorable from a point of view cooling 
charges, with total transmission load of cooling from 19.91kWh/m² (wall without PCM) because they receive the 
minimum of transmission load in summer period. We observe well the orientation effect of the dwelling on his 
interior temperature which decreases with the increase in PCM concentration until cancellation of the annual profit 
for the concentration of 25% for all the orientations . 
We present in fig. 6, electricity consumption cost, PCM cost and total costs according to the PCM concentration 
for each orientation. 
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As envisaged, the curve of total costs (Fig.6) shows a minimum which corresponds to the optimal PCM 
concentration. The results prove that the optimal PCM concentration for each orientation is of 15% and the payback 
periods for the South/West orientations, East and North are respectively: 10.51, 9.14 and 8.51 years . 
6. Conclusion 
    In this work, we studied the thermal behavior of a wall containing PCM to carry out the thermal and economic 
energy comfort in the buildings at summer. For that, numerical simulation was carried out with Matlab7 software on 
various wall types. We studied the thermal behavior of plaster wall containing of PCMs (CaCl2.6H2O) with variable 
concentrations, the effect of orientation on the interior temperature of vertical wall, and the determination of the 
optimal PCM concentration chosen for various wall orientations under the climatic conditions of  Ouargla city. The 
results obtained highlighted: 
 - CaCl2.6H2O gives good performances compared with other PCMs studied. The increase in percentage of PCM 
makes it possible to increase thermal inertia. 
-  Dephasing between the maximum temperature without PCM and the maximum temperature with PCM appeared 
for various concentrations. For CaCl2.6H2O, dephasing is function of the concentration and reaches 7 hours a 
maximum dephasing starting from a concentration of 15%. 
- For all orientations, the proposed wall with a concentration of CaCl2.6H2O presents a significant reduction of 
temperature fluctuations on the interior surface compared with the wall without PCM. Also, we note that interior 
surface temperatures of the North directed wall have lower values than those of East walls, South and West for the 
selected standard day. The variations in maximum and minimal wall temperatures with and without PCM 
(concentration equal to 15%) for North, South, West and East orientations are respectively equal to 8.07,9.06,9,68 
and 8.82. 
- West and South orientations provide equal loads of cooling heat transfer which are most strongly compared with 
the orientations of the East and North. The weakest cooling load is given for the wall exposed to North. 
 - A technico-economic optimization study made it possible to obtain an optimal PCM concentration for each 
orientation of 15%. 
- Payback periods for South/West, East and North orientations are respectively 10.51, 9.14 and 8.51 years. 
- In addition, the results indicate that North orientation is most favorable, because it receives the minimum of 
transmission load in summer. We also notice that starting from PCM concentration equal to 25%, the orientation 
effect of the walls outside on its interior temperature is null. 
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